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our long-ﬂagella (
 
LF
 
) genes are important for ﬂagellar
length control in 
 
Chlamydomonas reinhardtii
 
. Here, we
characterize two new null 
 
lf3
 
 mutants whose pheno-
types are different from previously identiﬁed 
 
lf3
 
 mutants.
These null mutants have unequal-length ﬂagella that as-
semble more slowly than wild-type ﬂagella, though their
ﬂagella can also reach abnormally long lengths. Prominent
bulges are found at the distal ends of short, long, and re-
generating ﬂagella of these mutants. Analysis of the ﬂagella
by electron and immunoﬂuorescence microscopy and by
F
 
Western blots revealed that the bulges contain intraﬂagellar
transport complexes, a defect reported previously (for re-
view see Cole, D.G., 2003. 
 
Trafﬁc
 
. 4:435–442) in a subset of
mutants defective in intraﬂagellar transport. We have cloned
the  wild-type 
 
LF3
 
 gene and characterized a hypomorphic
mutant allele of 
 
LF3
 
. LF3p is a novel protein located predom-
inantly in the cell body. It cosediments with the product of
the 
 
LF1
 
 gene in sucrose density gradients, indicating that
these proteins may form a functional complex to regulate
ﬂagellar length and assembly.
 
Introduction
 
A cell is capable of regulating its own size and the size of
its organelles to achieve a particular differentiated state.
Eukaryotic cilia and flagella are particularly interesting
because they are present in many types of tissues and organ-
isms and are important for sensory functions, cell motility,
molecular transport, and the establishment of left–right
asymmetry in vertebrates. Optimal lengths of these organelles
are crucial for carrying out their diverse cellular functions. In
humans, abnormally long flagella are associated with primary
ciliary dyskinesia (Afzelius et al., 1985; Niggemann et al.,
1992) and extra short cilia cause impaired mucociliary function
(Rautiainen et al., 1991). Understanding mechanisms that
regulate flagellar length should provide insights into the
regulation of microtubule growth and dynamics because
doublet and single microtubules are the main structural
components of flagella.
 
Chlamydomonas reinhardtii
 
 provides an ideal experimental
system for studying flagellar length control because of its
tight regulation of flagellar length. Each 
 
Chlamydomonas
 
 cell
has two equal-length flagella, and the length of the flagella
falls within a very narrow range of values in a population of
cells. When flagella are amputated, 
 
Chlamydomonas
 
 cells
can sense the loss and regrow their flagella rapidly to the
predeflagellation lengths within 90 min (Rosenbaum et al.,
1969). 
 
Chlamydomonas
 
 cells maintain two equal-length
flagella. If one flagellum is amputated, then the remaining
one shortens as a new one grows. When the two flagella
reach the same length, they grow at the same rate to the
predeflagellation length (Rosenbaum et al., 1969).
A number of genetic loci that affect flagellar length have
been identified. Mutations in four long-flagella genes,
 
LF1
 
, 
 
LF2
 
, 
 
LF3
 
, and 
 
LF4
 
, produce flagella of two to three
times the normal length (McVittie, 1972; Barsel et al.,
1988; Asleson and Lefebvre, 1998). Mutations in three
short-flagella genes, 
 
SHF1
 
,
 
 SHF2
 
,
 
 
 
and 
 
SHF3
 
, produce
half-length flagella (Jarvik et al., 1984; Kuchka and Jarvik,
1987). Dikaryon rescue experiments provide evidence for
the dynamic nature of flagellar length regulation. When an
 
lf
 
 mutant is mated to a wild-type (WT) cell, the cells fuse
to form a temporary quadriflagellated cell (a dikaryon)
with two long and two normal-length flagella. Within
minutes, the long flagella shorten to WT length, whereas
the normal-length flagella remain unchanged (Barsel et al.,
1988). When short-flagella mutants are mated to WT
cells, the short flagella rapidly grow to normal lengths
(Jarvik et al., 1984). These results demonstrate that the
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mechanism regulating flagellar length is active even in fully
grown flagella.
Several models have been proposed to explain the mecha-
nism of ciliary/flagellar length regulation. Levy (1974) first
proposed that length was regulated by the diffusion of a criti-
cal flagellar growth-limiting component into the flagellum.
With the discovery of bidirectional intraflagellar transport
(IFT) of large particles along flagellar microtubules to and
from the distal tips (Kozminski et al., 1993; Orozco et al.,
1999), where microtubule assembly and disassembly occurs,
Marshall and Rosenbaum (2001) proposed that a flagellum
reaches a defined length when IFT-dependent assembly is
balanced with disassembly. Others have proposed that flagel-
lar length may be determined by the quantity of tektin fila-
ments associated with doublet microtubules (Norrander et al.,
1995), or that Ca
 
2
 
 
 
-sensitive signal transduction systems reg-
ulate length or IFT motor switches (Tuxhorn et al., 1998).
Although each of these models explains certain behaviors of
flagellar growth, the functional characterization of genes that
regulate flagellar length will be necessary to build detailed mo-
lecular models for the regulatory mechanisms. Recent work
from our laboratory has shown that 
 
LF4
 
 encodes a novel
MAPK, indicating that a signal transduction pathway is nec-
essary to enforce normal flagellar length (Berman et al., 2003).
Here, we describe the characterization of the 
 
LF3
 
 gene and
show that LF3p may associate with other 
 
LF
 
 gene products in
the cell body. Two new insertional mutants in 
 
LF3
 
 have slow-
growing, unequal-length flagella (Ulf) that accumulate IFT
particles at their distal tips, suggesting an important role of
LF3p in the coordinated assembly of the two flagella.
 
Results
 
A new phenotypic class of flagellar length mutants
 
WT 
 
Chlamydomonas
 
 cells have two flagella of equal length
(Fig. 1 A), ranging from 10 to 15 
 
 
 
m. Using DNA inser-
tional mutagenesis, we isolated a new class of mutants that
have a striking Ulf phenotype. Here, we focus on two of
these mutants, Ulf1 and Ulf3. When Ulf mutants were
grown in dishes or tubes without aeration, many cells
had pairs of flagella that were stumpy/short (Fig. 1 J).
However, when Ulf cells were grown in liquid medium
with vigorous aeration, most cells had flagella of unequal
lengths (Fig. 1, E–I). The lengths of the shorter and longer
flagella on individual cells are presented in Fig. 2 A. Many
cells contained one short or stumpy (
 
 
 
1–2 
 
 
 
m) flagellum
and a longer flagellum (Fig. 1, E and F), but pairs of fla-
gella of a wide range of lengths were also present (Fig. 1, G
and H). Some of the flagella reached lengths up to two
times that of WT flagella (Fig. 1 I), similar to those previ-
ously seen in 
 
lf
 
 mutants. Because of the difference in the
length of the two flagella, many cells spun slowly in liquid
medium. In 
 
Chlamydomonas
 
 the two basal bodies differ in
age and can be distinguished from each other based on
their positions relative to the eyespot (Gaffal, 1988). In the
uniflagellar mutant 
 
uni1
 
, the single flagellum grows out
from the basal body trans to the eyespot in 
 
 
 
95% of uni-
flagellated cells (Huang et al., 1982). We examined the po-
sition of the longer flagellum in 69 Ulf cells but found no
such positional bias.
Interestingly, when Ulf1 cells were grown under a 12-h
light/12-h dark cycle with aeration, many cells had short
flagella at the beginning of the light cycle and significantly
longer flagella later in the day (Fig. 2 B). WT cells grown
under similar conditions displayed fully grown flagella near
the onset of the light cycle that did not elongate much over
time (Fig. 2 B). The presence of short flagella on Ulf1 cells
early in the light period and their gradual increase in
length may reflect a slower rate of flagellar growth relative
to WT cells. To test this, cells were deflagellated by pH
shock and monitored for flagellar regeneration. Ulf1 cells
regenerated their flagella much more slowly than WT cells
Figure 1. Flagellar defects in Ulf and lf3-2 mutants. 
DIC images of WT cells with (A) fully grown flagella 
or with (B–D) intermediate-length flagella under-
going regeneration after deflagellation reveal that 
they have two equal-length flagella. In contrast, 
Ulf1 (lf3-5) cells possess (E–I) two flagella that are 
unequal in length. In a population of Ulf1 cells, the 
length of the flagella varies greatly, from (H and I) 
abnormally long flagella to (J) very short or stumpy 
flagella. In the (K and L) lf3-2 mutant, most cells 
possess extra-long flagella, some of which show 
distal swellings (arrowheads). The distal tips of WT 
flagella are blunt or tapered, as viewed by (A–D) DIC 
or by transmission EM of negatively stained whole 
cell mounts (M), but the tips of all Ulf1 flagella, 
regardless of length, are bulged (E–J and N, arrow-
heads). The Ulf3 (lf3-6) mutant has phenotypes 
identical to those of the Ulf1 mutant. Bars: (DIC 
images) 10  m; (electron micrographs) 1  m.T
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(Fig. 2 B). These data suggest that flagellar assembly is
considerably slower in Ulf1 cells than in WT cells.
 
Ulf1 and Ulf3 are alleles of the 
 
LF3
 
 locus
 
Because the Ulf mutants have cells with long flagella simi-
lar to previously identified 
 
lf
 
 mutants, we performed link-
age analysis to determine whether they might be alleles of
one of the known 
 
LF
 
 genes. Ulf1 was found to be closely
linked to 
 
lf3-2
 
 on linkage group I (no recombinant in 17
random progeny). Ulf3 also mapped to linkage group I by
its linkage to 
 
ARG2
 
 (in a cross with 
 
arg2
 
 mutants,
 
 
 
nine pa-
rental ditype, one tetratype, and zero nonparental ditype).
To determine if these two mutants belong to the same
complementation group as 
 
lf3-2
 
, we performed comple-
mentation tests in stable vegetative diploids. Diploids
made between Ulf1 and WT cells all showed normal cell
motility and 
 
 
 
80% of these heterozygous diploid cells
possessed flagella, all of which were 
 
 
 
15 
 
 
 
m. Therefore,
the mutation in Ulf1 is fully recessive to WT in diploids.
It has been previously established that 
 
lf3-2
 
 is completely
recessive to WT in diploids (Barsel et al., 1988). When
stable diploids were constructed between Ulf1 and 
 
lf3-2
 
mutants, 
 
 
 
40% of cells in each Ulf1
 
/lf3-2
 
 culture pos-
sessed long flagella that were 15–24 
 
 
 
m, a phenotype
characteristic of the 
 
lf3-2
 
 parent. Similarly, the Ulf3 muta-
tion failed to complement the 
 
lf3-2
 
 mutation in diploids.
Together, these results indicate that Ulf1 and Ulf3 are mu-
tant alleles of 
 
LF3
 
 and they are now designated as 
 
lf3-5
 
and 
 
lf3-6
 
, respectively.
The phenotypes of 
 
lf3-5
 
 and 
 
lf3-6
 
 mutants differ from
that of 
 
lf3-2
 
 cells. When grown without aeration, most 
 
lf3-5
 
and 
 
lf3-6
 
 cells had stumpy or short flagella. In contrast,
 
 
 
15% of cells had stumpy flagella and 30–80% of cells had
abnormally long flagella in 
 
lf3-2
 
 (Fig. 1, K and L). Previous
studies also indicated that all long-flagella 
 
lf3
 
 mutant alleles
could regenerate their flagella after deflagellation, with ki-
netics similar to WT cells (Barsel et al., 1988).
 
LF3
 
 null mutant flagella have normal axonemal 
structures but accumulate IFT-like particles at 
their distal tips
 
A striking feature of 
 
lf3-5
 
 and 
 
lf3-6
 
 is the presence of promi-
nent swellings at the flagellar tips. The swellings were
present on all nonregenerating flagella, regardless of lengths
(Fig. 1, E–J, arrowheads), and on all flagella during regrowth
after deflagellation. The size and morphology of the swollen
tips of growing, nongrowing, and resorbing flagella were
identical, as judged by high resolution differential interfer-
ence contrast (DIC) microscopy (unpublished data). The
bulbous flagellar tips (Fig. 1 N) of the mutants are distinctly
different from the blunt or tapered tips of WT flagella (Fig.
1 M), although slight swellings were occasionally seen at the
tips of regenerating flagella shorter than 2 
 
 
 
m in length
(Fig. 1, B–D). Similar swellings were occasionally observed
on the tips of 
 
lf3-2
 
 flagella (Fig. 1 L), although they were not
found on all flagella and were less prominent than those on
 
lf3-5
 
 and 
 
lf3-6
 
 cells.
When flagella and basal bodies of 
 
lf3-5
 
 and WT cells
were examined using EM, we could find no differences be-
tween 
 
lf3-5
 
 and WT basal bodies, transition zones, or ax-
onemal microtubules and associated arms, spokes, and cen-
tral microtubules (Fig. 3 A, a). However, the distal tips of
the flagella were filled with linear arrays of particles (Fig. 3
A, b–e) that resembled IFT particles found in WT flagella
(Kozminski et al., 1993). To visualize the ends of flagellar
microtubules, flagellated cells were attached to grids, ex-
tracted with nonionic detergent, and negatively stained.
The A- and central microtubule capping structures ap-
peared normal. The IFT material that filled the swollen
flagellar tips appeared to be composed of strings of beaded
structures (Fig. 3 A, f), similar to those described in first
reports of IFT (Kozminski et al., 1993, 1995). These re-
sults indicate that 
 
lf3-5
 
 and 
 
lf3-6
 
 assemble normal axone-
mal structures but accumulate IFT particles at the distal
ends of their flagella.
Figure 2. Ulf1 cells grow flagella slowly and unequally. (A) A histogram showing a wide variation of flagellar lengths in individual Ulf1 
cells. The two flagella of a single cell often differ in length. (B) WT (squares) and Ulf1 (circles) cells were grown in M medium in bubblers for 
 5 d, transferred to a 12-h light/dark cycle for 2 d and harvested by centrifugation. Half of the cells were resuspended in 4 ml of M medium 
in a 6-well microtiter plate (nondeflagellated cells, solid lines). The other half of the cells were deflagellated by pH shock (dotted lines), 
collected by centrifugation and resuspended in fresh M medium. Cells were incubated on a rotary shaker under constant light and samples 
taken at different times were fixed in glutaraldehyde for length measurement. Both flagella of a cell were measured for Ulf1 cells, but only 
one flagellum per cell was measured for WT cells because the two flagella were the same length. About 100 flagellated cells were used for 
measurement, except that 18 Ulf1 cells were measured at 60 min after deflagellation because only  20% of cells had flagella.T
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lf3-5
 
 flagella accumulate an unusual amount of IFT 
proteins at their tips
 
To confirm that the swollen tips contained IFT particles, iso-
lated 
 
lf3-5
 
 and WT flagella were compared by immunoblots
using antibodies to IFT components. Immunoblot analysis
of isolated flagella (Fig. 3 B) revealed that 
 
lf3-5
 
 flagella accu-
mulated a greater amount of FLA10 (an anterograde kinesin
II motor protein; Walther et al., 1994; Kozminski et al.,
1995), p139 (an IFT complex A protein, Cole et al., 1998),
p57 and p172 (IFT complex B proteins; Cole et al., 1998),
and DHC1b (a cytoplasmic heavy chain dynein; Pazour et
al., 1999; Porter et al., 1999) than did WT flagella. By con-
trast, relative to WT, 
 
lf3-5
 
 flagella contained similar or
slightly decreased levels of the axonemal structural proteins,
PF16, IC140, RIB43, and MBO2. To confirm that the IFT
components are accumulated at the distal tips, flagella were
examined by immunofluorescence microscopy. Antibodies to
FLA10 and p172 strongly stained the peribasal body region
and the swollen tips of 
 
lf3-5
 
 cells (Fig. 3 C, c and d). An anti-
body to p139 produced similar results (unpublished data).
These antibodies stained the peribasal body complex and
showed weak staining along the axoneme and at the tips of
WT cells (Fig. 3 C, a and b). Together, these results demon-
strate that flagella of 
 
lf3-5
 
 accumulate excessive amounts of
IFT proteins at the distal swellings of their flagella.
 
Cloning of the 
 
LF3
 
 gene
 
The insertion of the nitrate reductase gene in 
 
lf3-5
 
 allowed
us to clone the WT 
 
LF3 gene. We showed that a   bacte-
riophage clone  12D9 (Fig. 4 A) could restore WT motility
Figure 3. Bulges at the tips of lf3-5 flagella are filled with IFT particles. (A) Thin-section electron micrographs of (a–e) flagellated cells reveal 
the tips of lf3-5 flagella are filled with short linear aggregates of material (arrowheads) that resemble IFT particles. Negatively stained (f) NP-40 
extracted flagella show linear arrays of particles hanging at the tip. Bars, 100 nm. (B) Immunoblots reveal the accumulation of IFT motors and 
particle complex A and B proteins in lf3-5 flagella. Equal amounts (30  g) of purified flagella from WT and lf3-5 cells were reacted successively 
with antibodies against IFT motors (FLA10, DHC1b), IFT complex components (p172, p57, p139) and axonemal structural proteins (IC140, 
MBO2, RIB43, PF16, Tubulin). (C) DIC (a, b, c, and d) and immunofluorescence (a , b , c , and d ) images of WT and lf3-5 cells. In WT cells 
(a and b), the peribasal body region was brightly stained by anti-FLA10 and anti-p172. Faint staining of WT flagella was observed but was not 
visible under the exposures used. Antibodies against FLA10 and p172 reveal a concentration of staining at the flagellar tip bulges and around 
the basal bodies in (c and d) lf3-5 cells.T
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to lf3-5 cells upon introduction into cells by cotransforma-
tion with the pARG7.8 plasmid. Using restriction fragments
from this genomic region as hybridization probes on DNA
blots, we determined that both lf3-5 and lf3-6 mutants con-
tained extensive deletions around the LF3 locus (Fig. 4 A).
Subclones of this genomic region were transformed into cells
with the lf3-2, lf3-5, or lf3-6 mutations to delineate the ex-
tent of the LF3 gene. Plasmid pD105 contains the smallest
fragment that could rescue all three mutants upon transfor-
mation (Fig. 4 A).
Flagellar lengths of independent strains obtained by rescu-
ing lf3-5 or lf3-6 mutants with the cloned LF3 gene showed
significant variations and fall into three phenotypic groups:
(1) entire populations of cells had flagella of normal length
and morphology (e.g., Fig. 4 B, TF1); (2)  90% of cells
had normal-length flagella but 1–10% of cells consistently
had abnormally long flagella (e.g., Fig. 4 B, TF5); and (3)
most of the cells in a population had abnormally long fla-
gella (e.g., Fig. 4 B, TF11). The phenotypic variations
among rescued strains may be caused by different levels of
expression or by different modifications of the cloned LF3
gene that integrated into the genome of the transformants.
A 7.5-kb region of genomic DNA containing the area of
overlap between the deletions in the two lf3 mutants and the
fragment cloned in pD105 was sequenced and analyzed by
the GeneMark and Genscan programs to identify putative
coding regions. Primers were designed to perform reverse
Figure 4. Phenotypic rescue of lf3-2, lf3-5, and lf3-6 mutants with 
cloned DNA fragments. (A) A restriction map of the LF3 gene re-
gion. Exons are represented with black boxes and putative start and 
stop codons are indicated. lf3-5 and lf3-6 mutants have extensive de-
letions of the genome (dotted lines) covering the LF3 locus. Six ge-
nomic clones were cotransformed with the pARG7.8 plasmid into 
the deletion mutant strains or the long-flagella mutant lf3-2 containing 
the arg2 or arg7 mutations to test for the rescue of the flagellar 
length phenotype. Only genomic clones containing all the putative 
exons could restore the WT phenotype to the mutants. pD107 with 
an internal deletion of a 3-kb BamHI fragment, did not rescue the 
mutant phenotype. (B) Flagellar length distributions in WT cells, the 
lf3-2 mutant cells, and three strains (TF1, TF5, and TF11) in which 
the lf3-5 mutant phenotype was rescued by transformation using an 
HA-tagged LF3 gene are shown. Aflagellate cells ( 10% of the total) 
are not included in the histograms.
Figure 5. Predicted protein sequence of LF3. The leucine residues 
of a putative leucine zipper motif (http://us.expasy.org/prosite/) are 
highlighted in black. Putative transmembrane helices are under-
lined. A PEST sequence predicted by the program PEST-find (http://
www.at.embnet.org/embnet/tools/bio/PESTfind/) is shaded. The 
arrowhead indicates the position at which three copies of the HA 
epitope were inserted. The glutamine codon at position 209 mutated 
to an amber stop codon in lf3-2 is boxed and the next downstream 
methionine is indicated in bold. Sequence data are available from 
GenBank/EMBL/DDBJ accession no. AY186602.T
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transcriptase PCR (RT-PCR) from RNA to obtain a 4.7-kb
cDNA sequence. Comparison of the genomic and cDNA se-
quences indicates that the transcribed region consists of 10
exons separated by nine introns. The cDNA sequence con-
tains a long open reading frame that predicts a 133-kD
polypeptide of 1,374 residues (Fig. 5). Extensive searches
of protein, EST and genomic sequence databases, as well
as protein structure databases, uncovered no homologous
polypeptides. The predicted polypeptide contains an unusu-
ally high content of alanine (25.7%), glycine (12%), and
leucine (11.9%). Potential functional motifs identified in
the sequence include a putative leucine zipper motif between
residues 632 and 653 that may mediate protein–protein in-
teraction (Prosite entry: PDOC00029), several potential
transmembrane helices (Fig. 5, underlined), and a PEST se-
quence (with a significance score of 7.65 predicted by
PEST-find; Fig. 5, shaded). PEST sequences in other pro-
teins are involved in targeting proteins for degradation by
proteasomes (Rechsteiner and Rogers, 1996).
RNA analysis
To identify the LF3 RNA transcript, total RNA from WT
cells, lf3-2, lf3-5, and lf3-6 mutants was analyzed on RNA
blots with hybridization probes corresponding to the 5  re-
gion of the gene (Fig. 6 A). A 4.8-kb transcript that closely
matched the size of the deduced cDNA sequence was de-
tected in WT RNA. lf3-5 and lf3-6 cells did not produce the
corresponding transcript, which is consistent with our hy-
pothesis that they contain null mutations of LF3. Unlike the
null mutants, lf3-2 expressed an LF3 transcript of similar
size and abundance as the transcript in WT cells.
Previous studies of lf1, lf2, and lf3 mutants have shown
that their gene products may interact (Barsel et al., 1988). In
double lf mutant strains, many cells had stumpy flagella and
Ulf, similar to lf3-5 and lf3-6. We analyzed total RNA from
a number of strains to determine whether the level of the
LF3 transcript was affected by mutations in other LF loci
(Fig. 6 B). No significant decrease in the level of the LF3
transcript was detected in lf1, lf2, or lf4 mutants, but a de-
crease was observed in a third Ulf insertional mutant (Ulf2)
that contains a null mutation at LF2 (unpublished data).
Strikingly,  LF3 transcripts were dramatically reduced in
double mutant strains of lf1 lf3-2 and lf2-1 lf3-2, suggesting
that the synthetic Ulf-like phenotype of double lf mutants
may be caused by reduced LF3 expression.
Levels of RNA transcripts for many flagellar components,
such as the radial spoke protein RSP3 (Fig. 6, C and D), in-
crease dramatically when flagella are amputated. We exam-
ined the level of the LF3 transcript in WT cells at various
times after deflagellation. Rather than increasing, the level of
the LF3 transcript appeared to decrease slightly in the first
30 min (Fig. 6, C and D), suggesting that LF3p may not be
a component of the flagella.
Figure 6. RNA-blot analysis of the LF3 transcript. (A and B) 25  g 
of total RNA from a number of mutant and WT (L5, CC-620) strains 
was loaded in each lane and the LF3 transcript was detected with 
a hybridization probe corresponding to the 5  region of the gene. 
(C) Accumulation of the LF3 and RSP3 transcripts before (pre) and at 
different times after deflagellation of WT cells (strain 3D). The level 
of the transcripts was quantified and shown in (D) y-axis values: radio-
activity of the LF3 transcript (closed squares) and the RSP3 transcript 
(open squares) normalized to the level of the CRY1 transcript used 
as loading control. The predeflagellation value is set as one.
Figure 7. HA-LF3p is localized to cell bodies and a truncated 
protein is made from the lf3-2 allele. (A) Western blots of total cell 
proteins (10
6 cells) from transformed strains rescued with either a 
WT construct or a mutant lf3-2 construct tagged with the HA epitope, 
detected with an anti-HA mAb. The transformant in lane 4 shows 
some bands of higher molecular masses, but none are the same size 
as the WT protein. The blot was labeled with a mAb to  -tubulin to 
show loading. (B) Whole-cell (WC) and cell-body (CB) proteins from 
10
6 cells, purified flagella (Flag), and axonemes (Axo) from 5, 67, or 
96  the amount of cells in the CB lane were analyzed on immuno-
blots. Two images of the same blot are shown, obtained after a 10-s 
or overnight (O/N) exposure. The presence of a trace amount of 
cell-body contamination in the flagellar and axonemal preparations 
was revealed using an antibody to OEE1.T
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Epitope tagging of the LF3 protein
Attempts to prepare antibodies to LF3p or constituent pep-
tides were unsuccessful. As an alternative approach, we tagged
the LF3 gene with the HA epitope (Fig. 5). The tagged gene
rescued the LF3 null mutants upon transformation as well as
the untagged construct did. A mAb against HA detected with
high specificity an  160-kD polypeptide in cells that received
the tagged gene (Fig. 7 A, lane 1; and Fig. 9 A). When pro-
teins from cell bodies, flagella, and axonemes were analyzed
on immunoblots, most of the tagged protein was found in the
cell body (Fig. 7 B). A small amount of the tagged protein was
detected in flagella and axonemes, but a similar amount of the
chloroplast protein OEE1 was present in the same samples,
suggesting that these preparations were contaminated by a
small quantity of proteins from cell bodies.
Cells expressing HA-LF3p were examined by immunoflu-
orescence microscopy using the HA antibody. The tagged
protein was found in discrete spots throughout the cell that
did not appear to associate with any particular organelles, and
no staining was observed in the flagella (Fig. 8). We exam-
ined two different HA-tagged strains that expressed different
levels of the protein to test the possibility that the punctate
pattern of staining was an artifact caused by overexpression of
the protein from the transgene. Despite brighter staining seen
on cells expressing a higher level of the HA-tagged protein,
the overall localization of LF3p was similar in both cell lines
(unpublished data), indicating that the punctate staining in
the cell was probably not a consequence of protein overex-
pression. We conclude that most, if not all, of the tagged
LF3p is localized to the cell body and not the flagella.
The lf3-2 allele contains an amber mutation
To characterize the genetic lesion in lf3-2, we amplified and
sequenced the mutant gene by both genomic PCR and RT-
PCR. A single transition mutation that changes the codon
CAG (glutamine; Fig. 5, boxed) to an amber stop codon
UAG was detected at position 209. Termination of transla-
tion at the amber codon would produce only a short protein
of 208 aa from the NH2-terminal region. A polypeptide of
this length should not be functional based on earlier works
using truncated plasmid constructs to attempt phenotypic
rescue upon transformation. One subclone that has an inter-
nal deletion of the coding region, pD107, would be pre-
dicted to produce a protein product of at least the first 436
residues, but it did not rescue the lf3 mutants upon transfor-
mation (Fig. 4 A).
One possible explanation for the observation that the lf3-2
amber mutation does not produce the null phenotype is that
a truncated protein is produced by reinitiation of translation
at an AUG (Fig. 5, the corresponding methionine is in bold)
34 residues downstream of the amber mutation in this mu-
tant. To test this possibility, we created an HA-tagged lf3-2
construct and transformed it into the LF3 null mutants to
create strains expressing the tagged mutant protein. Strains
Figure 8. Immunofluorescence localization of the HA-tagged LF3 
protein to punctate spots in the cell body. (A and B) Control cells 
without the HA-tagged gene. (C and D) Rescued lf3-5 strains 
expressing the HA-tagged LF3 gene. Cells were doubly stained with 
antibodies to  -tubulin (A and C, Texas red) and the HA-epitope 
(B and D, FITC).
Figure 9. LF3p and LF1p cosediment in sucrose density gradients. (A) Cells expressing an HA-tagged LF3 construct (D3) and control cells 
without the HA-tagged gene (2C11) were extracted by repeated cycles of freezing/thawing. Whole cells before extraction (W), and insoluble 
(I) and soluble fractions (S) from equal number of cells after extraction were analyzed by SDS-PAGE and immunoblotting with the anti-HA 
antibody. (B) Cell extracts of two strains expressing HA-LF3p and HA-LF1p were analyzed in parallel on a 5–20% sucrose density gradients. 
Fractions were collected from top (5%) to bottom (20%) of the gradients and analyzed on 8% SDS-PAGE. HA-LF1p was highly labile during 
extraction but both the intact polypeptide (120 kD) and degraded products comigrated with HA-LF3p. Sedimentation of  -tubulin in the same 
gradient fractions is shown for reference.T
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that received the mutant construct all produced a protein of
 130 kD (Fig. 7 A), 30 kD smaller than the full-length
LF3p, which is consistent with our prediction of the size of a
protein made by translational reinitiation. Moreover, the
truncated protein was expressed at a lower level than the
full-length product (Fig. 7 A). Based on these observations,
we propose that the lf3-2 allele is a hypomorphic allele pro-
ducing either a partially functional protein or too little of the
truncated protein.
LF3p is part of a  11S complex in the cytoplasm
Most of the HA-LF3p could be released from whole cells by
repeated cycles of freezing in liquid nitrogen and thawing or
by treating cells with 0.2% NP-40 (Fig. 9 A). To determine
if LF3p exists as larger complexes in the cytoplasm, we frac-
tionated extracts prepared by each method on 5–20% su-
crose density gradients (Fig. 9 B). HA-LF3p sedimented at
 11S, regardless of the methods used for preparation of the
cell extracts. The LF1 gene has recently been cloned and the
protein was similarly tagged with HA (unpublished data).
Parallel analysis of cell extracts containing the HA-LF1p
showed that it sedimented with the HA-LF3p on sucrose
density gradients (Fig. 9 B). This finding provides the first
biochemical evidence that LF1p and LF3p may be part of a
common cytoplasmic complex that regulates flagellar length.
Discussion
Ulf1 and Ulf3 mutants are alleles of the LF3 locus
More than 20 mutants with abnormally long flagella have
been shown to identify four unlinked genetic loci, LF1, LF2,
LF3, and LF4 (McVittie, 1972; Barsel et al., 1988; Asleson
and Lefebvre, 1998). Here, we characterized two Ulf mutants
and showed that both mutations are null alleles (lf3-5 and
lf3-6) of the previously identified LF3 gene. An 8-kb geno-
mic DNA clone that contains a single predicted transcript re-
stored normal-length flagella to mutant cells upon transfor-
mation into lf3-2, lf3-5, and lf3-6. The entire coding region
of LF3 was deleted in lf3-5 and lf3-6. The long-flagella lf3-2
allele contained an amber mutation within the predicted cod-
ing region. By epitope tagging, the lf3-2 mutant gene was
found to produce a truncated protein in reduced quantity.
Together, these data indicate that the Ulf phenotype is due to
null mutations and the long-flagella phenotype is caused by
hypomorphic mutations of the LF3 gene.
LF3p plays a role both in flagellar assembly 
and length control
Although flagella are shorter in the null mutants than in lf3-2,
it is not clear that there is a difference in the preset value
of flagellar length in these two classes of lf3 mutants. In syn-
chronous populations of lf3-5 cells, flagella were short but
gradually grew to abnormally long lengths during the light
period. Similarly, during flagellar regeneration after deflagel-
lation, lf3-5 flagella grew slowly and unequally. By contrast,
the length of flagella on WT cells showed no significant
changes during the day, and both flagella on WT cells grew
at the same rate and reached full length within 2 h after de-
flagellation. It is possible that lf3-5 differs from lf3-2 by as-
sembling flagella much more slowly, therefore taking longer
to assemble long flagella. The slow flagellar growth defect of
lf3-5 indicates that the LF3 gene product plays a role in
flagellar assembly as well as in regulating the length of the
two flagella. The defective protein product produced by the
mutant lf3-2 gene allows flagellar assembly with rapid kinet-
ics seen in WT cells, but does not prevent flagella from
growing to excess length. The phenotypic defect in lf3-2 may
be due to the lack of the NH2-terminal portion of the pro-
tein, and/or to the reduced level of the truncated product.
The tips of flagella in LF3 null mutants are filled 
with IFT particles
A striking feature of the LF3 null mutants is the presence of
bulges at the distal ends of their flagella. Immunofluores-
cence microscopy showed that IFT proteins accumulated in
the bulged tips and EM revealed linear strings of IFT-like
particles that filled the bulged tips. Although a handful of
short or stumpy flagella mutants show distal tip swellings on
their flagella (Huang et al., 1977; Jarvik and Chojnacki,
1985; Pazour et al., 1999; Porter et al., 1999), the presence
of distal bulges was not restricted to short flagella in the LF3
null mutants. The bulges were present on flagella of all
lengths and at all stages of growth in these lf3 mutant cells.
Although some IFT particles appear to accumulate at the
tips of regenerating WT flagella (Deane et al., 2001), we did
not detect bulged tips or collections of particles in both non-
regenerating and regenerating flagella of WT cells. On the
other hand, the enlarged flagellar tips are found in mutants
with abnormally long flagella, including lf3-2 (this paper),
lf1, and lf2 (McVittie, 1972; unpublished data). Accumula-
tions of IFT proteins at the flagellar tips have also been
shown by immunofluorescence microscopy in lf1-1 and lf3-2
mutants (Perrone et al., 2003). Therefore, distal bulges
filled with IFT particles appear to be a defect associated with
a number of lf mutants, and these bulges are especially pro-
nounced when the LF3 gene product is absent.
LF3p may play a role in regulating IFT
There is abundant evidence that IFT and the motors respon-
sible for IFT are important for flagellar growth and mainte-
nance (for reviews see Rosenbaum and Witman, 2002; Cole,
2003). Mutants with defects in either the anterograde motor
protein or components of IFT complex B fail to assemble
flagella or assemble very short flagella. In these mutants, IFT
particles do not accumulate in the flagella (Pazour et al.,
2000; Brazelton et al., 2001; Matsuura et al., 2002). Mu-
tants defective in the retrograde motor or deficient in pro-
teins of IFT complex A have stumpy or short flagella that ac-
cumulate IFT particles at the tips or along the length of their
flagella, similar to lf3-5 (Pazour et al., 1998, 1999; Piperno
et al., 1998; Porter et al., 1999; Iomini et al., 2001). Inter-
estingly, cells with mutations in the dynein light chain LC8,
a component of the retrograde motor, also have Ulf (Pazour
et al., 1998). The lf mutants differ from known IFT mutants
in that they grow abnormally long flagella and the accumu-
lation of IFT particles appears to be restricted to the tips.
The role of LF3p in the accumulation of IFT particles at the
flagellar tips is intriguing. LF3p is a novel protein with noT
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homology to known IFT components and it does not colo-
calize with IFT proteins in the flagella or near the basal bod-
ies. Because most of the IFT proteins are present in the cell
body and there is a constant bidirectional reshuffling of IFT
particles between the cell body and flagella, LF3p might in-
teract with IFT components in the cytoplasmic compart-
ment to regulate their transport in the flagella. Iomini et al.
(2001) determined that IFT particles moving from the base
to the tip of a flagellum or from the tip to the base differ in
size, velocity, and frequency, indicating that the IFT parti-
cles and their motors must undergo some forms of modifica-
tion at both the proximal and distal ends of the flagellum.
One possibility is that LF3p alters the ability of IFT com-
plexes to release flagellar cargoes at the tip or alters the abil-
ity to pick up flagellar material that needs to be returned to
the cell body. Alternatively, LF3p activity may affect the
switches that regulate the activity of the anterograde motor
and the retrograde motor at the base and tip of the flagella.
An inhibition in the release of flagellar components or in the
activation of motor switches in lf mutants could explain the
accumulation of IFT particles at the ends of the flagella.
A simple model that assumes the steady-state length of the
flagella is maintained by a balance of flagellar assembly
and disassembly has recently been proposed (Marshall and
Rosenbaum, 2001). Longer flagella could result either from
an increased assembly rate or a decreased disassembly rate.
Using HA-tagged tubulin as a marker, the turnover of tubu-
lin at the tip of a long-flagella mutant, lf2-5, was shown to
be reduced relative to WT cells, suggesting that in this mu-
tant the longer flagella may be due to decreased disassembly.
One obvious defect we detected in lf3-5 cells is that their fla-
gella grow slowly, indicating a defect in flagellar assembly.
Because the overall assembly rate is already reduced, if flagel-
lar length is determined simply by a balance of assembly and
disassembly, one would predict that the disassembly rate
must be dramatically reduced to give rise to the striking
flagellar phenotype of lf3-5. This prediction can be tested by
measuring the turnover rate of tubulin at the flagellar tip of
this mutant.
The association of a length-control defect and an assembly
defect in the LF3 null mutants with the accumulation of
IFT particles at the growing tips of their flagella is consistent
with the possibility that flagellar length is regulated at least
in part by regulating IFT. However, there is no indication of
how IFT is regulated. The primary protein sequence of
LF3p gives no obvious clues about its mechanism of action.
The hydrophobic nature of the protein and the presence of
putative transmembrane domains suggest that LF3p may be
membrane associated. Consistent with this, a small amount
of the LF3p was retained in the crude microsomal mem-
brane fraction obtained by differential centrifugation in the
fractionation works (unpublished data). However, the obser-
vation that LF3p can be extracted from cells by freezing and
thawing indicates that most of the protein is soluble in the
cytosol or only loosely associated with membrane structures.
The protein has extensive glycine-rich regions that may be
important for protein–protein interaction, and such regions
are also found in the gene product of LF1 (unpublished
data) and LF4 (Berman et al., 2003). The presence of a
PEST sequence in LF3p suggests that the protein may be
targeted for degradation in proteasomes after ubiquitination,
raising the interesting possibility that the level of LF3p and
its interacting proteins may be regulated by proteolysis.
Interaction of LF3p with other LF gene products
Several lines of evidence suggest that LF1, LF2, and LF3 may
function in the same regulatory pathway(s). First, double
mutants of any pair of mutant alleles at these three loci pro-
duce cells that are flagella-less or uniflagellated (Barsel et al.,
1988). In the present work, we reexamined two double mu-
tants (lf1 lf3-2 and lf2-1 lf3-2) and noticed that their pheno-
types are in fact similar to the null mutants of LF3. Second,
previous works have shown that whereas mutants in different
LF genes can complement each other in stable diploids, the
long-flagella defect cannot be fully corrected in temporary
quadriflagellated dikaryons formed between gametes of two
different lf mutants (Barsel et al., 1988). This result suggests
that some key factor(s) may be absent from the cytoplasm of
lf1, lf2, and lf3 mutants, and that these factors cannot be
synthesized or assembled rapidly enough to function in tem-
porary dikaryons. In the present work, cosedimentation of
LF3p with another LF protein, LF1p, in sucrose density gra-
dients provides the first biochemical evidence to support the
possibility that these proteins may interact with each other
and form a complex in the cytoplasm. In addition, both
LF1p and LF3p are localized to similar punctate spots in the
cell (unpublished data). We have recently cloned the LF2
gene and our preliminary analysis shows it shares similar lo-
calization and sedimentation properties with LF3p and
LF1p. These findings strengthen the working model that
LF3p forms a cytoplasmic complex with at least two other
LF proteins, LF1p and LF2p, in regulating flagellar length
and flagellar assembly. LF1p is another novel protein with
unknown functions, but LF2 encodes a serine/threonine ki-
nase (unpublished data). Genetic studies indicated that the
fourth LF gene, LF4, may function downstream of the first
three LF genes (Asleson and Lefebvre, 1998) and it encodes a
MAPK (Berman et al., 2003). The identification of the gene
products of LF3 and the other LF genes opens up exciting
opportunities to uncover the molecular mechanisms that
regulate flagellar assembly and flagellar length.
Materials and methods
Strains and culture conditions
Chlamydomonas strains CC-620 (Chlamydomonas Genetics Center), our
laboratory strains 3D, 1A (derivatives of 137c), and L5 (nit1, apm1-19,
mt
 ) were used as WT strains. Two insertional mutants, Ulf1(12D9) and
Ulf3 (29H4), with an Ulf phenotype, were obtained by DNA insertional
mutagenesis using pMN24, a plasmid containing the nitrate reductase
structural gene (Tam and Lefebvre, 1993). A long-flagella mutant, lf3-2,
was described previously (Barsel et al., 1988). Cultures were routinely
maintained in liquid M or TAP medium (Harris, 1989) in 24-well microtiter
plates under continuous illumination, unless otherwise specified.
Light and electron microscopy
Cell motility was examined under a dissecting microscope (Carl Zeiss Mi-
croImaging, Inc.) at a magnification of 80 and flagella of cells fixed in 0.5–
1.25% glutaraldehyde were examined under phase contrast microscopy
(model Axioplat; Carl Zeiss MicroImaging, Inc.). For flagellar length mea-
surement, DIC images of 50–100 cells were captured using a Diaplan
(100  Leitz objective, NA 1.25; Leica) or a microscope (63 or 100  ob-
jective, NA 1.4; model Axioplan 2IE; Carl Zeiss MicroImaging, Inc.) and a
video camera (model CCD-72; DAGE-MTI, Inc.; or an Orca ER camera;T
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Hamamatsu). Flagella on captured images were analyzed with Scion Im-
age 1.59 software (NIH) or Openlab software (Improvision Inc.).
Thin-section EM of whole cells was performed as described previously
using a JEOL microscope (model 1200EXII; Porter et al., 1999). For nega-
tive staining, drops of concentrated cells in culture medium were placed
on carbon/formvar-coated copper electron microscope grids. Cells were
allowed to settle for 30–90 s, medium was drawn off the grid with a pi-
pette, grids were inverted over two to three drops of 1% aqueous uranyl
acetate and air dried. For detergent extraction, flagellated cells were at-
tached to carbon/formvar grids coated with 0.2% poly-L-lysine and excess
medium was drawn off with a pipette. Grids were inverted over drops con-
taining 50 mM Hepes, pH 7.2, 3 mM MgSO4, 1 mM EGTA, and 0.001–
0.01% NP-40 for 30 s. Grids were inverted over several drops of buffer
without NP-40, and stained with 1% uranyl acetate. Images were captured
on film and scanned into digital format, or with a video capture system
(model Mega View II; Soft Imaging System). All DIC and EM images were
assembled using Adobe Photoshop 7.0.
Genetic analysis
Dominance/recessiveness tests of the Ulf1 mutant and complementation
tests between Ulf1, Ulf3, and lf3-2 were performed by mating strains with
complementing auxotrophic markers, arg7 and nit1, and selecting stable
diploids on minimal nitrate medium. Multiple (16–24) diploid strains were
recovered and examined in each cross.
Cloning and sequencing of the LF3 gene and the mutant 
lf3-2 allele
A previous work indicated that the mutation in lf3-5 was caused by the in-
tegration of two copies of pMN24 (Tam and Lefebvre, 1993). A 7.5-kb re-
gion flanking the integrated plasmid in lf3-5 was cloned by digesting the
mutant DNA with SalI and performing plasmid rescue as described previ-
ously (Tam and Lefebvre, 1993). A 4-kb PstI–SstI fragment from the cloned
region was used as a hybridization probe to screen a   phage library of
Chlamydomonas WT genomic DNA and positive clones were tested for
phenotypic rescue of lf3-5 or lf3-6 mutants by cotransformation using the
pARG7.8 plasmid (Debuchy et al., 1989) as described previously (Tam
and Lefebvre, 1993). Fragments of a lambda clone  12D9, which was able
to rescue the mutant phenotype, were subcloned into the vector pBlue-
script KS  (Stratagene) using restriction sites indicated in Fig. 4 A. These
subclones were tested for phenotypic rescue of lf3-2, lf3-5, and lf3-6 by
cotransformation. Nested-deletion clones for sequencing were made using
Exonuclease III (New England Biolabs, Inc.) and S1 nuclease (GIBCO BRL)
according to Sambrook et al. (1989). The sequence of the LF3 gene was
obtained by sequencing plasmid clones with universal sequencing primers
or gene-specific primers (DNA Sequencing and Synthesis Facility, Iowa
State University, or Advanced Genetics Analysis Center, University of Min-
nesota). The gene prediction programs GeneMark (http://opal.biology.gat-
ech.edu/GeneMark/eukhmm.cgi) or Genscan (http://genes.mit.edu/GEN-
SCAN.html) were used to predict the exon/intron structure of LF3.
cDNA sequences were obtained by RT-PCR using primers designed for
putative exons under conditions described previously (Tam and Lefebvre,
2002), except that RNA was treated with amplification-grade DNaseI
(GIBCO BRL) for 15 min at RT to remove DNA contamination before re-
verse transcription. PCR products were sequenced after purification using
the Microcon PCR purification kit (Millipore) or after cloning into PCRII
(Invitrogen). 5  RACE was performed with gene-specific primers in the sec-
ond exon according to the protocol of Finst et al. (2000). 3  RACE was per-
formed using the 3  RACE kit from GIBCO BRL.
To determine the genetic lesion in the lf3-2 allele, we sequenced over-
lapping genomic PCR products covering the entire coding region, as well
as RT-PCR products from the lf3-2 mutant with a series of gene-specific
primers. The mutation in lf3-2 was verified by sequencing additional PCR
products of the region of interest derived from multiple WT strains and
lf3-2 subclones.
RNA analysis
Total RNA was isolated by LiCl precipitation as described by Wilkerson et
al. (1994), except that 100  g/ml of proteinase K was used in the lysis
buffer. Cells were deflagellated by pH shock and allowed to regenerate
their flagella under light. Samples were taken at different times for RNA
isolation. Total (25  g) RNA was size-fractionated in 1% MOPS-formalde-
hyde agarose gels following the protocol of Sambrook et al. (1989) and
transferred to Brightstar Plus membrane (Ambion). A 2-kb SalI–BamHI frag-
ment or an RT-PCR product of the same region was labeled with [
32P]dCTP
for use as a hybridization probe. Membranes were hybridized in UL-
TRAhyb
TM (Ambion) with labeled probes at 42–44 C overnight, washed se-
quentially in 2  SSC and 0.2  SSC solution containing 5 mM EDTA and
0.2% SDS at 65–68 C. Radioactivity on membranes was measured by ex-
posing them to a phosphor screen, which was subsequently quantified
with a STORM 840 imager and analyzed with ImageQuant v1.2 (Molecu-
lar Dynamics). Membranes were rehybridized without stripping using la-
beled DNA from the CRY1 gene (encodes the S14 ribosomal protein) to
monitor loading.
Epitope tagging, immunoblot, and immunofluorescence analysis
Three copies of the HA epitope obtained from plasmid p3XHA (Silflow et
al., 2001) were inserted into one of the SmaI sites (position 3384 in cDNA)
of pD102. The resulting clone, pHA3-17, rescued lf3-5 and lf3-6 mutants
with the same effectiveness as the unmodified clone. To create an HA-
tagged lf3-2 construct, the lf3-2 DNA was used as template for PCR and an
AatII–MluI fragment containing the lf3-2 mutation was substituted for the
same region in the WT tagged gene.
lf3-5 and WT cells were grown in 250–1,000 ml of M medium with
vigorous aeration for flagellar isolation. Preparation of total cell proteins,
isolation of flagella, and procedures for immunoblots using the ECL detec-
tion system (Amersham Biosciences) were performed as described previ-
ously (Tam and Lefebvre, 2002). Primary antibodies were 3F10 against
HA (Roche Biochemicals); antibodies to FLA10 and different IFT proteins
(provided by D. Cole, University of Idaho, Moscow, ID; provided by J.
Rosenbaum, Yale University, New Haven, CT); DHC1b (provided by M.
Porter, University of Minnesota, Minneapolis, MN); PF16 (provided by E.
Smith, Dartmouth College, Hanover, NH); IC140 (provided by W. Sale,
Emory University, Atlanta, GA); RIB43 (provided by R. Linck, University
of Minnesota, Minneapolis, MN); MBO2 (Tam and Lefebvre, 2002);
 -tubulin (provided by G. Piperno, Mount Sinai School of Medicine, New
York, NY); and OEE1 (provided by B. Barry, University of Minnesota, St.
Paul, MN). Secondary antibodies were a sheep anti–mouse or anti–rat
POD (Roche Biochemicals) or a goat anti–rabbit HRP secondary antibody
(Sigma-Aldrich). Procedures for immunofluorescence were performed as
described previously (Tam and Lefebvre, 2002), except that the detection
of IFT components was performed using secondary antibodies conjugated
to the Alexa 488 fluorochrome and the Slowfade Light Antifade kit as the
mounting medium (Molecular Probes). Similar localization of HA-LF3p
could be detected with cells fixed in 4% formaldehyde before permeabili-
zation in methanol.
Preparation of cytoplasmic extracts and sucrose density gradients
Cellular proteins from freshly grown cells were extracted either by freezing
(in liquid nitrogen) and thawing five times in 150 mM NaCl, 50 mM Tris,
pH 7.5, 50 mM NaF, 25 mM  -glycerophosphate, 1–2 mM sodium ortho-
vanadate, 1/100 vol of a protease inhibitor cocktail (Sigma-Aldrich), or by
incubating in the same buffer containing 0.2% NP-40 for 30 min at 4 C.
Insoluble materials were removed by centrifugation and soluble fractions
were concentrated with Centricon-10 columns (Millipore). About 6–12 mg
of soluble proteins in 0.5 ml were fractionated on an 11-ml 5–20% sucrose
density gradients (prepared a day before by layering 2.75 ml each of 20,
15, 10, and 5% sucrose in 10 mM Hepes, pH 7.5) in a SWTi41 rotor for 12 h
at 38,000 rpm. 0.46-ml fractions were drawn from the top of the gradients
and subsequently analyzed by SDS-PAGE and immunoblotting. A gradient
for sedimentation standards was included in every experiment.
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